The ribose conformations of formycin, 2-azaadenosine, nebularine, 8-bromoinosine, and 8-bromoxanthosine have been studied using proton magnetic resonance in ND3 solutions, in D20 solutions, and in pyridine solutions. The temperature was varied between -60 °C and + 4 0 °C in ND3 and between + 1 0 °C and + 6 0 °C in D20 solutions. In solution, 2-azaadenosine and nebularine have a conformational behaviour similar to that of the common purine (ß) ribosides. This is in agreement with the conformations observed in the solid state. The conformations of formycin and formycin B have strong analogies with those of the 8-bromopurineribosides and differ significantly from those of the 8-azapurineribosides since they adopt preferentially the syn-S-g+ conformation. This con formation is very probably stabilized by an intramolecular hydrogen bond between O (5') and N (3).
Introduction
Nucleoside analogs have proved to be of great value as therapeutic agents 2. Indeed, as stated by Bloch, "there is probably no other class of com pounds wherein relatively small structural changes lead to such a variety of different biological ef fects" 3. In order to understand their therapeutic properties, one needs correlations between struc tural changes and biological activity. It is, however, extremely difficult to determine the mode of action of a given nucleoside. Indeed, nucleosides undergo extensive metabolic conversion, thereby affecting a variety of cell constituents. The knowledge of the preferred conformations adopted by nucleoside analogs in solution may help to elucidate their primary mechanisms of action. For example, a nucleoside analog presenting conformations similar to those of the common nucleosides would be in corporated in DNA or RNA, interfering thus with the cell growth. On the other hand, a nucleoside analog presenting unusual conformations is not ex pected to be incorporated normally in nucleic acids, thereby inhibiting cell activity at another stage.
The naturally occurring and the synthetic nucleo side analogs result from structural modifications in the heterocycle as well as in the carbohydrate moiety. In this paper, we are only concerned with the base modifications. The base can be modified in the substituent, e. g. nebularine, N6-isopentenyladenosine. Several base modifications are intro duced by the interchange of carbon and nitrogen. These can consist of the rearrangement of the C and N atoms of the base ring, e.g. formycin; of the replacement of a base carbon atom with a nitro gen, e.g. 8-azaadenosine; or of the replacement of a base nitrogen atom with carbon, e. g. tubercidin.
Changes in the size of the heterocycle lead also to biological activity. In previous papers 4' 5, we have already analysed the conformational changes intro duced by substituents at C(2) or C(6) and by interchange of carbon and nitrogen (8-azapurinenucleosides). We now analyse the conformations of formycin, 2-azaadenosine, and nebularine in ND3 and D20 solutions as well as of 8-bromoinosine and 8-bromoxanthosine. We consider also the dif ferences and similarities between the conformations observed in the solid state and in solution.
2. E xperim ental 2-Azaadenosine (2aA) was kindly supplied by Dr. Montgomery from the Southern Research Insti tute (Birmingham, Alabama) and formycin (Fo) by Dr. Umezawa from the Institute of Microbial Chemistry (Tokyo). 8-Bromoxanthosine (8-BrX) was a gift from PWA AG (Mannheim, BRD). 8-Bromoinosine (8-BrI) and nebularine (PR) were purchased from the same company. Formycin B (FoB) was purchased from Calbiochem (Lucerne, Switzerland). Deuteriumoxide (" 100%" deuterated) and trideuteroammonia (99% deuterated) were bought from Sharp and Dohme Ltd. (München, BRD). The trideuteroammonia solutions are kept in sealed thickwalled 5 mm tubes. Details for the preparation of these sample tubes were given earlier4; 6. The concentration of these solutions is 0.12molal, except for 2aA where approximately 2 m g'cm-3 were used. The aqueous solutions of Fo, FoB, PR, and 8-BrI are 0.03 molal.
The chemical shifts of the aqueous solutions were referenced to internal DSS (sodium-2,2-dimethyl-2-silapentanesulfonate). For technical reasons, the solutions in liquid ammonia were referenced to an external standard (2% TMS dissolved in CS2) contained in a coaxial outer tube. No at tempts were made to correct for bulk magnetic susceptibility effects. The rather large differences observed between the chemical shifts of the various protons in water and in liquid ammonia may partly be due to the influence of the magnetic susceptibility and its temperature dependence. However, only the relative differences of the resonance frequencies within each set of coupled protons enter into the calculation of the simulated spectra, and these dif ferences are determined by the accuracy of the Fourier-transform spectra ( + 0.1 Hz) the digital re solution of the spectra being 0.028 Hz.
The PMR spectra were obtained in the FT-mode on a Varian XL-100-15-FT spectrometer equipped with a 16 K 620/L-100-computer. The temperatures given are accurate to ± 0.5 °C. They were deter mined with a calibrated chromel alumel thermo couple inserted into a 5 mm NMR tube and set into the probe volume before and after each experiment which lasted between 5 and 20 min. During the ex periments the spectrometer was locked either to the deuteron resonance of the solvent or to an external 19F lode. The sugar proton spectra were analysed with the help of the computer program LAME (QCPE N° 111).
The simulation of the spectra was considered suc cessful if the deviations between all observable lines in the experimental and simulated spectra were ^ + 0.1 Hz. The values for the chemical shifts given in the tables were rounded off to ± 0 .0 1 ppm (~ 1.0 Hz). The original results obtained from the computer analysis together with the values found at intermediate temperatures (0 °C and -30 °C in ammonia and + 40 °C in heavy water) have been omitted from the paper, but are available upon request.
The intramolecular distances between 0 5 ' and N3 were calculated from solid state data by applica tion of the program COORD (QCPE N° 136). The dihedral angles for the N and S states of the ribose are taken from Altona and Sundaralingam 7. The conformational analysis of the furanose ring follows the concept of pseudorotation introduced by Altona and Sundaralingam7> 8. According to this description, each conformation of the furanose ring
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Gauche" is determined by two parameters, the phase angle of pseudorotation, P, and the degree of puckering, rm . The ribose conformations are divided into two types: type N, where P varies between -90° and + 90°, which includes the classical C(3') -endo con formation; type S, where P is comprised between + 90° and 270°, which includes the classical C (2') -endo conformation. In the solid state, the ß sugars present two narrow ranges for P, 3° to 23° for the type N and 139° to 175° for the type S con formation, and the degree of pucker, r m, is rela tively constant around 38°. The parameters entering this Karplus equation are determined on the assumption that the coupling constant J23 as well as the sum J1'2 + J 3 4 (2 ) are nearly independent of the position of the S ^ N equilibrium. The necessary torsion angles are taken from crystal data and are those of the ribose con formers occupying the centers of the pseudorotational ranges observed in the solid state7. We have observed that the values of J2 3 and 2 , though nearly constant, vary with the solvent. In ND3 , their values are respectively 5.0 and 9.4 Hz and, in D20, they are equal to 5.3 and 9.8 Hz. The Karplus parameters in D20 are therefore 10.5 and -0.86 Hz instead of 10.0 and -0.90 Hz obtained for ND3 solutions. Because of the numerous assumptions underlying the pseudorotation model, we have used throughout the Karplus equation given above. A better fit to the observed coupling constants in D20 would be obtained with the other parameters. How ever, next to small changes in the phase angles of pseudorotation, the differences between the cal culated populations of the conformers do not ex ceed 5%.
C (4)
The three staggered classical conformations of the exocyclic group CH2OD are referred to as gauche+ (g+, gauche-gauche) , trans (t, gauche-trans) , and gauche~ (g~, trans-gauche). The mole fractions of the different rotamers were obtained from: This assignment is opposite to that of Remin and Shugar 14 and in agreement with that suggested for aqueous solutions of guanosine phosphates 15. This solvent dependence of the specific assignment of the protons H5ra and H ö^ could mean either that the shifts of both protons are solvent dependent or that in ND3 at low temperature the g~ rotamer is more stable than the t rotamer.
Results

Chemical shifts
The chemical shifts of 2-azaadenosine, formycin, 8-bromoinosine, and 8-bromoxanthosine dissolved in ND3 and observed at two temperatures are col lected in Table I . This table contains also the chemical shifts of formycin, formycin B, nebularine, and 8-bromoinosine dissolved in D20 and observed at two temperatures. The chemical shifts of formycin B and nebularine dissolved in ND3 were previously published 4. We have also analysed formycin and 8-bromoadenosine in pyridine solutions. The chemical shifts can be found in Table I .
Coupling constants
The coupling constants of 2-azaadenosine, formy cin, 8-bromoinosine, and 8-bromoxanthosine dis solved in ND3 are contained in Table II. In this  table are simulated spectra of 2-azaadenosine in ND3 , for mycin in ND3 and D20 , and 8-bromoinosine in D20 are presented. The spectra simulation was done with the values of the chemical shifts and of the coupling constants contained in Tables I and II. The mole fractions of the S and N states of the ribose and of the two rotamers of the exocyclic group g+ and t are presented in Table III .
2-Azaadenosine in ND3
The substitution of the C(2) carbon by a nitro gen introduces only slight changes in the mole frac tions of the different conformers when compared with those of adenosine19: a small decrease in the populations of the S state and of the g+ rotamer. Therefore, the preference for the S state is not as marked as in adenosine, where the mole fraction is around 0.60. In 2-azaadenosine, both states of the ribose are roughly equally populated. However, the rotamer g+ still dominates with a mole fraction around 0.65. It should be remembered that the sub stitution of the C(8) carbon by a nitrogen intro duces more pronounced changes in the ribose con formers, especially in those of the exocyclic group 5' 16.
Nebularine in D20
Nebularine, or purine (ß) riboside (PR), was al ready analysed in ND3 solutions4. The conforma tional behaviour of nebularine dissolved in ND3 was found to be very similar to that of the com mon purine (ß) ribosides. The same is valid for D20 solutions. The mole fractions of the different con formers of nebularine dissolved in D20 compare well with those of inosine or adenosine dissolved in D20 (see, for example, 5) .
Formycin in ND3
We have already presented the results for formy cin B, a structural analog of inosine, dissolved in ND3 4. We present now the results for formycin, the equivalent structural analog of adenosine. These two compounds have very similar conformational parameters with strong differences from the com mon purine (ß) ribosides. A significant increase in the population of the S state at all temperatures oc curs together with a slight increase in the popula tion of the g+ rotamer at low temperature. The con formational characteristics of the C-nucleosides for mycin and formycin B bear on the other hand a close similarity to those of the 8-bromopurineribo-sides. This will be shown below, but we will first consider the results for formycin and formycin B dissolved in D20 .
Formycin and formycin B in D20
As in ND3 solutions, formycin and formycin B in D20 solutions differ from adenosine and inosine be cause of their increased populations of the S state of the ribose. However, this increase in the mole fraction of the S state is not followed by an in crease of the g+ rotamer as could be observed in ND3 solutions. The population of the g+ rotamer of formycin and formycin B in D20 has even decreased compared to that of adenosine and inosine.
8-Bromoinosine and 8-bromoxanthosine
Because of the observed similarity between the C-nucleosides and the 8-bromopurineribosides, we analysed in addition to 8-BrA and 8-BrG previous ly studied4 two other 8-bromopurineribosides. The main difference between the common and the 8-bromopurineribosides occurs in the mole fraction of the S state of the ribose which, at -60 °C, is near to 0.90. However, the populations of the g+ rotamer of the exocyclic group are lower in the 8-bromopurineribosides than in the corresponding common purineribosides. Also, the population of the g+ rotamer decreases with decreasing tempera ture. Such a behaviour of the exocyclic group has only be observed with the 8-azapurineribosides in ND3 5. The last effect was more pronounced in case of the 8-azapurineribosides and is not present in D20 solutions where the population of the g+ rotamer does not vary much with temperature. This difference between ND3 and D20 solutions occurs also with 8-bromoinosine. For 8-bromoinosine dis solved in D20 , the population of the g+ rotamer at low temperature is lower than that in inosine dis solved in D20 but increases with decreasing tem perature. It should also be added that, for 8-bromoinosine dissolved in D20 , the increase in the mole fraction of the S state is only marked at low tem perature. Concerning the populations of the state of the ribose, the 8-bromopurineribosides are very different from the 8-azapurineribosides. Indeed, the population of the S state of the 8-bromopurine ribosides is always greater than in the common purineribosides, independently of the solvent, while, for the 8-azapurineribosides, the S state dominates with a mole fraction of 0.60 in ND3 and both states are roughly equally populated in D20 solutions. Table IV contains the results of the theoretical analysis for formycin and 8-bromoadenosine. For comparison, the results for adenosine and 8-azaadenosine, taken from reference 5, are also given in Table IV. When dissolved in pyridine, adenosine, 8-azaadenosine, formycin and 8-bromoadenosine all be have similarly. The S state of the ribose dominates with a population larger than 0.60 for adenosine and 8-azaadenosine and around 0.80 for formycin and 8-bromoadenosine. The mole fraction of the g+ rotamer is to a large extent the main conformer of the exocyclic group. Thus, in pyridine solutions, the similarity between 8-bromoadenosine and for mycin is complete. Also, 8-azaadenosine differs from adenosine and from 8-bromoadenosine and formy cin.
Pyridine solutions
Discussion and Conclusions
Conformations of purine(ß) riboside analogs in solution
It is possible to divide the purineriboside analogs we have studied into three classes. The first group would contain the analogs with essentially the same conformational behaviour as the common purine (/?) ribosides; it includes tubercidin, nebularine, and 2-azaadenosine. One may also add 6-thiopurineriboside17. In this group, independently of the sol vent, the S state of the ribose dominates (0.55 - In a previous paper 4, it was derived that the g+ rotamer of the exocyclic group is correlated with the S state of the ribose in purine (ß) ribosides. A comparison between the different conformer popula tions in the three main groups of compounds studied shows that this correlation holds for the purine riboside analogs. In aqueous solutions of pyrimidine nucleosides, H ruska9 has correlated the g+ con formation of the hydroxymethyl group with the N state of the ribose. Both correlations are in agree ment with molecular orbital calculations18. Ac cording to these calculations, the S state of the ribose in purine nucleosides should behave similarly to the N state of the ribose in pyrimidine nucleo sides with respect to the stabilization of the g+ rotamer.
We have not yet discussed the third major mode of internal motion of the purine nucleosides, the rotation about the glycosidie bond. The glycosyl torsion angles are commonly distributed in two ranges called anti and syn 10> n . In the anti range, the C(8) atom is on the same hemisphere as 0 ( ] /) when viewed down along the C (l/) -N (9) bond in a Newman projection. In the syn range, C(8) and 0 ( 1 ) are in opposite hemispheres. From nuclear Overhauser enhancements and proton re laxation measurements, it has been shown that in solution there exists a dynamic equilibrium between the syn and anti conformations of the purine (/?)-ribosides 6' 19, 20_23. For the purine (/?) ribosides, we have further correlated the N state of the ribose with the anti conformation of the base and the S state with the syn conformation. These correlations stimulated by solid state d ata24 allowed to ratio nalize both the NOE enhancements and the 7 \ measurements 6' 19. The correlation between the N state and the anti conformation is certainly strong while the S state of the ribose should equally favor the syn and anti conformations 25~28. It has recently been shown that 3/-aminopurine(/?)-riboside, where the ribose is up to 90% in the N state, is exclusively in the anti conformation 29. It has also been shown that, when the base is restricted to the syn range as in the 8-bromopurineribosides, the S state of the ribose is strongly favored 4' 29. With the S state of the ribose, the base should occur in a r j 1 : 1 equi librium mixture of the syn and anti conformations. This is in agreement with previous speculations7 and with thermodynamic quantities derived from the temperature dependence of the S/N ratio 4.
On the basis of the syn ^ anti equilibrium in the common purineribosides and of the syn conforma tion of the 8-bromopurineribosides, it is possible to draw conclusions on the preferred glycosyl tor sion angle ranges of the C-nucleosides and of the 8-azapurineribosides. From the strong similar con formational behaviour of the 8-bromopurineribosides and the C-nucleosides, we would conclude that formycin and formycin B are also restricted to the syn range. On the other hand, since the confor mational behaviour of the 8-azapurineribosides is opposite to that of the 8-bromopurineribosides, it is tempting to conclude that in dissolved 8-azapurine ribosides the syn ^ anti equilibrium is shifted to ward the anti range. The comparison with the 6-azapyrimidine derivatives supports this conclusion, since these compounds are known from X-ray and NMR analyses to prefer the anti range with the rotamers t and g~ 30, S1. The destabilization of the g+ rotamer could therefore be due to electrostatic re pulsion between the aza part of the base and 0 ( 5 r) of the exocyclic group.
Comparison with crystal structure data
It is interesting, at this point, to compare the populations of the various conformers in solution with the main conformations observed in crystals of purineriboside analogs S1> 32. The common purine ribosides show a definite preference for the family of conformations anti-S-g+ 24. The N state of the ribose is only found with the anti conformation. When the sugar pucker is S, both the syn and anti conformations of the base are found with equal frequencies24. Further, the syn-S conformation is always linked with the g+ rotamer. In the solid state, nebularine, 2-azaadenosine, and tubercidin exhibit conformations similar to adenosine 32. In a review on the structure and conformation of nucleo side analogs in the solid state, Sundaralingam32 could conclude that the syn conformation is favored for the analogs containing the C-glyeosyl bond and that the 8-azapurines show persistently higher anti glycosyl angles than the common substrates.
These conclusions are exemplified in Table V where we have collected the frequencies of oc- Table V curence of the various conformers. The populations of the ribose conformers of the common purineribosides in the solid state compare well with those measured in solution. It can also be observed that the mole fractions of 2-azaadenosine, nebularine, 6-CH3-9-/5-D-ribofuranosylpurine, and the 6-thiopurineribosides are not significantly different from those of adenosine, inosine, guanosine, and xantho sine. The 8^bromopurineribosides were exclusively found in the syn-S-g+ conformation. This is paral leled by the definite preference for the S-g+ con formation of these substances in solution4,40. The C-nucleosides present a net decrease in the anti population and in the g+ rotamer. These compounds are the only ones showing the conformation families syn-S-t and syn-N. The preference of the C-nucleosides for the syn range would corroborate our spe culations about their syn conformation in solution which were based on their resemblance with the 8-bromopurineribosides. However, in the solid state, they do not show as strong a preference for the g+ rotamer as in solution. Only one crystal structure of 8-azapurineribosides is known, which makes the comparison fallacious. The conformation of 8-azaadenosine is found to be similar to that of formycin in formycin-HoO crystals 31. This resemblance could be accidental, for, in solution, both kinds of com pounds differ greatly in their conformational be haviour. The observed conformations of the 8-aza purineribosides depend strongly on the solvent. It is thus probable that, in the solid state, packing ef fects or molecules of crystallization could influence the molecular conformation adopted by the 8-azapurine (ß ) ribosides.
The intramolecular hydrogen bond 0 (5 ')-H . . . N (3)
The main difference between pyrimidine (ß)-nucleosides and purine (ß) nucleosides lies in the preferred anti range of the former n >24. The oc curence of the purine (/?) nucleosides in both the anti and syn ranges with roughly equal frequencies was attributed to the stabilization of the syn con formation through a hydrogen bond between the exocyclic group and the base O (5")-H . . . N(3) n . In fact, in the solid state, the syn-S-g+ conformation of purine (ß) ribosides is invariably involved in this intramolecular hydrogen b ond24. Further, con sidering only the common purine (ß) ribosides, the syn range is always associated with the S-g+ con formation of the ribose. These findings are corroborated by theoretical calculations which show that, in the absence of an intramolecular hydrogen bond, there is a definite preference of the nucleosides for the anti conforma tion 33. However, when the calculations take into ac count the possibility of an intramolecular hydrogen bond in the g+ conformation, the syn-S conformation is strongly preferred, while the N state of the ribose is disfavored in the anti and syn ranges 33, 34. Such a stabilization of the syn conformation is also cal culated in formycin 34.
The presence of an intramolecular hydrogen bond between 0 ( 5 /) and N (3) in aqueous solution of 8-bromoadenosine was postulated from the strong preference of the g+ rotamer 40. By comparison with the isopropylidene derivatives where such a bond may not form, we also concluded that the high population of the g+ rotamer is due to an intra molecular hydrogen bond4. On the basis of NOE measurements, the higher syn population observed in adenosine compared to 3-deazaadenosine was also attributed to the formation of such a hydrogen bond 35. Ultrasonic relaxation measurements did not contradict the possibility of an intramolecular hy drogen bond 36. We have studied 37 S^deoxyadeno-sine where the replacement of the 5 -hydroxyl group by a hydrogen prevents the formation of a hydrogen bond between the exocyclic group and the base. This replacement brings an interchange in the relative populations of the S and N states of the ribose 37. Indeed, in ND3 and pyridine solutions at 40 °C, the N state dominates with a mole fraction equal to 0.60 and, in D20 solution, both states are equally populated37. This can be taken as a further argu ment in favor of the existence of a hydrogen bond between N(3) an d O (5 /).
All these observations strengthen the previous conjectures about the existence of an intramolecular hydrogen bond in solution of purine (ß) ribosides. The strong preference for the S-g+ conformation of the 8-bromopurineribosides and C-nucleosides in solution indicates that such an intramolecular bond stabilizes the syn conformation in these two kinds of compounds. From the graphs of Fig. 6 , it can be seen that a hydrogen bond between 0 ( 5 r) and N(3) can only be formed in narrow regions of the syn range with the exocyclic group in g+. In the socalled "high-anti ' conformation found in crystals of formycin • H20 38 this H-bond may not form, thereby excluding the "high-anti" conformation of formycin in solution. Incidentally it can be ob served that with the t rotamer a very narrow region of the syn range allows the formation of such a Hbond. This has been observed in crystals of for mycin -H B r39. This interaction could also be a sta bilization factor for the t rotamer.
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